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In the context of sustainable development, considerable interest is being shown in the use of natural fibres like as reinforcement in
polymer composites and in the development of resins from renewable resources.This paper focuses on eco-friendly and sustainable
green composites manufacturing using resin transfer moulding (RTM) process. Flax fibre reinforced bioepoxy composites at
different weight fractions (40 and 55wt%) were prepared in order to study the effect of water absorption on their mechanical
properties. Water absorption test was carried out by immersion specimens in water bath at room temperature for a time duration.
The process of water absorption of these composites was found to approach Fickian diffusion behavior. Diffusion coefficients and
maximumwater uptake values were evaluated; the results showed that both increased with an increase in fibre content. Tensile and
flexural properties of water immersed specimens were evaluated and compared to dry composite specimens. The results suggest
that swelling of flax fibres due to water absorption can have positive effects on mechanical properties of the composite material.
The results of this study showed that RTM process could be used to manufacture natural fibre reinforced composites with good
mechanical properties even for potential applications in a humid environment.
1. Introduction
The environmental consciousness as well as the government
legislation around the world has encouraged the academic
and industrial researches to develop eco-friendly, sustainable,
and biodegradable compositematerials, thus often referred to
as “green composites” [1]. Renewable and biodegradablemate-
rials as alternative to synthetic fibres and polymers derived
from petroleum used in traditional fibre reinforced polymer
composites [2, 3].
The interest in natural plant fibres (flax, hemp, jute, kenaf,
etc.) [4–7] as reinforcement in polymer matrix has grown
quickly in the last decade. Several advantages in comparison
with synthetic fibres can explain it. They have low density,
are annually renewable, and therefore are low in cost. Natural
fibres are biodegradable, are crucial at the end of life of prod-
ucts, and have comparable specific strength and modulus as
traditional glass fibres. Industries as automotive [8, 9] and
construction [10] have started the manufacturing of products
using natural fibre, to improve the environmental impact
of the product due to the inexpensive price of natural
reinforcements.
There are also some drawbacks in the use of natural
fibre reinforced composites. Hydrophilic natural fibres are
incompatiblewith hydrophobic thermosetting resins, and it is
necessary to improve the adhesion between fibre and matrix,
the use of chemical treatments [11, 12]. Natural fibres as rein-
forcement have been limited by their susceptibility to water
absorption, due to their chemical composition being rich
in cellulose, hydrophilic in nature. Water absorption results
in the swelling of the fibre that could reduce the mechanical
and dimensional properties of the composites [13–15] as a
result of the appearance of microcracks at fibre-matrix space.
There are three major mechanisms [13, 16–18] of water
absorption in fibre reinforced polymer composites: diffusion,
capillary, and transport of water molecules, respectively. Dif-
fusion mechanism occurs inside the microgaps between the
chains of polymers. Capillary transport mechanism occurs in
the gaps at fibre-matrix interface space, if during manufac-
turing process the impregnation of the reinforcement with
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Table 1: Structural composition of flax fibre.
Cellulose (wt%) Hemicellulose (wt%) Lignin (wt%) Pectins (wt%) Microfibril angle(degree)
Moisture content
(wt%)
71 18.6–20.6 2.2 2.3 6-7 10
Table 2: Comparison of the properties of flax and glass fibre.
Fibre Density (g/cm3) Elongation at break (%) Tensile strength (MPa) Tensile modulus (GPa)
Flax 1.5 2.7–3.2 500–900 50–70
E-glass 2.5 2.5 2000–3500 70
the matrix has been incomplete. In natural fibre composites,
the transport of water molecules through the microcracks
that can appear in the matrix is especially important, as a
result of the fibre swelling. According to this mechanisms,
there are three cases of diffusion behavior [19, 20] known as
Fickian diffusion model, anomalous or non-Fickian, and an
intermediate case between Fickian and non-Fickian.
The manufacturing of natural fibre composites includes
the use of thermoplastics polymer such us polypropylene,
polyethylene, and polyamides combined with the natural
fibre random mat or short fibres through injection mold-
ing, compounding, extrusion, or thermoforming processes.
Automotive industry is a clear example, where their use for
nonstructural components can be found [21] as interior glove
box and door panels or exterior floor panels. In the case of
natural fibre reinforced thermosetting matrix composite, the
most used manufacturing process in the literature has been
hand lay-up and liquid compression molding, for nonwoven
or random mats due to the low costs associated with these
techniques. Nowadays, research and industrial applications
focus on the aligned natural fibre composites applications
using continuous natural textile reinforcements like unidirec-
tional (UD), woven, and noncrimp fabrics, at this time, com-
mercially available.Thepotential of use of natural fibre fabrics
will improve significantly the composite properties for engi-
neering applications or high performance natural fibre com-
posites. Additionally, in combination of thermosetting poly-
mer matrices, it will allow the use of well-established man-
ufacturing techniques as liquid composite moulding (LCM)
processes, as resin transfer moulding (RTM) or vacuum infu-
sion. Only a few studies [22] have been focused on the pro-
cessing of natural fiber composites by LCM processes. This
study will focus on the manufacture of flax fibre woven fabric
reinforced bioepoxy composites by RTM process and the
evaluation of their mechanical properties. In order to study
the potential of use of these composites in outdoor applica-
tions or humid environmental conditions, the water absorp-
tion behavior of flax fibre bioepoxy composites at room
temperature and various weight fractions of fibre has been
investigated as well as its effect on the mechanical properties
(tensile and flexural).
2. Materials and Methods
2.1. Materials. A 200 g/m2 flax fibre balanced woven fabric
(0∘/90∘), supplied by Lineo, Belgium, has been used as textile
reinforcement for the manufacturing of bioepoxy matrix
composites. Table 1 shows the chemical composition of flax
fibres [12]. Table 2 [1] shows the properties (mechanical and
physical) of flax fibre compared to glass fibre.
A commercially available biobased epoxy resin, Super Sap
CLR Epoxy supplied by Entropy Resins, USA, was used as
polymer matrix in this work. According to technical data
sheet of themanufacturer, Super SapCLREpoxy is amodified
liquid epoxy resin. As opposed to traditional epoxies that
are composed primarily of petroleum-based materials, this
biobased epoxy resin contains in its chemical formulation
(trade secret) biorenewable materials sourced as coproducts
or waste of other industrial processes such as wood pulp
(epoxidized pine oils) and biofuels production (nonfood
grade vegetable oils).The biocontent bymass value is between
30.8% and 45.2% and uses biocarbon content number (ASTM
D6866) and molecular structure to calculate total percentage
of mass derived from biosources.
Super Sap INF Hardener is the curing agent employed.
According to technical and material safety data sheets sup-
plied by the manufacturer, it is a cycloaliphatic polyamine.
Resin and hardener were mixed to a weight ratio of 100 : 33.
The epoxy system (resin-hardener) has a biocontent by mass
between 21% and 30%.
2.2. Manufacturing Process. Liquid compositemoulding pro-
cess (LCM) consists of the manufacture of composites from
polymer matrix by the impregnation of a dry fibrous fabric
inside of an enclosed mold with a low viscosity resin. The
resin is injected into the mold by the pressure difference
between the resin inlet and the air outlet. The pressure differ-
ence can be either positive as resin transfer moulding (RTM)
process shown in Figure 1 or negative as vacuum injection
process.The process beginswith the injection of the resin into
the mold and ends when the resin completes the chemical
reaction of curing and the part is ejected.The polymerization
reaction is highly exothermic and its duration is widely vari-
able and depends on the type of resin, inhibitor used, mold
temperature, and especially the ratio of resin to inhibitor.The
injection pressure must be low enough to give the proper
fabric impregnation and to ensure that it does not become
displaced by resin flow inside the mold. This pressure varies
between 0.5 bar in vacuum injection and 3 bar for pressure
injection.
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Figure 1: RTM manufacturing process under constant injection
pressure.
The principal advantages of these LCM processes com-
pared to the traditional hand lay-up are
(i) elimination of manual impregnation, avoiding risks
to workers from inhalation of toxic styrene vapour
present in thermosetting resins,
(ii) both sides of the component having a good surface
quality due to the closed mold,
(iii) preventing induced anisotropy of the fabric, since it is
preplaced into place before impregnation,
(iv) increasing production rate due to the automation of
some phases of the process.
In this study, resin transfer moulding process was used to
manufacture 400 × 260mm green composite laminates. To
achieve different fibre volume fractions 0.4 and 0.55, a
different number of layers of flax fabric were placed in the
rigid mold, 6 and 8 layers, respectively. A metallic frame with
the thickness (3mm) of the composite laminate was placed
between top and bottom aluminum mold. The mold was
closed and resin injectionwas performed at a pressure of 1 bar,
with vacuum assistance. The laminates were cured for 24 h at
room temperature. Laminates were removed from the mold
and finally postcured at 50∘C for 2 hours in an oven. Figure 2
shows the flax fibre fabric reinforcement placed in the mold
before resin injection andmanufactured composite laminate.
2.3. Water Absorption Tests. To study the behaviour of water
absorption of the flax fibre reinforced bioepoxy composites,
water absorption tests were carried out according to UNE-
EN ISO 62:2008 [23]. Composite samples were immersed in
a water bath (deionized, 23∘C) during a time period until
the saturation was reached. Five specimens from each fiber
volume fraction with dimensions 250mm × 25mm × 3mm
(tensile samples) and 90mm × 15mm × 3mm (flexural
samples) were cut from composite panels. An oven was used,
firstly to dry all the samples at 50∘C during 24 h, and then
they were cooled to room temperature. The drying process
was repeated, until the weight of the specimens was constant
(mass 𝑚1). After 24 h, the samples were removed from the
water and were weighed (mass 𝑚2) using a digital scale
(a)
(b)
Figure 2: Flax fibre fabric and flax fibre reinforced composite.
immediately after theywere driedwith dry cloth.This process
was repeated, to weigh the specimens regularly (mass 𝑚𝑡)
over 32 days of water immersion.
At different periods of time, the percentage of weight gain
was calculated and it was plotted versus square root of water
immersion time. As a result, the average value was reported.
Thedifference ofweight between the sample in dry conditions
and that after water immersion at time 𝑡 was obtained as
follows:
𝑀
𝑡 (
%) = 𝑚𝑡 − 𝑚1
𝑚1
∗ 100, (1)
where 𝑚𝑡 is the weight of the sample at time 𝑡 during water
immersion and 𝑚1 is the weight of the dry sample at initial
time.
According to the model developed [23] in order to
describe the water absorption of one material following Fick-
ian behavior or Fick’s diffusion laws, themoisture content 𝑐(𝑡)
as function of the time can be expressed as function of diffu-
sion coefficient (𝐷), the weight moisture (𝑐
𝑠
) in the saturated
material, and their thickness (𝑑) as the following equation:
𝑐 (𝑡) = 𝑐𝑆
− 𝑐
𝑆
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Therefore, if water absorption behavior follows Fickian diffu-
sion pattern, it can be described with the following formula
[13, 14, 24]:
𝑀
𝑡
𝑀
∞
= 4√
𝐷𝑡
𝜋ℎ
2
. (3)
At initial absorption stage, water absorption (𝑀
𝑡
) at time
𝑡 increases linearly with √𝑡 and 𝑀
∞
denotes the quan-
tity after infinite time or maximum weight gain when
material approaches at saturation point. The average dif-
fusion coefficient (𝐷) of the composites was calculated by
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Table 3: Water absorption and diffusion coefficients of flax fiber composites after the immersion in water.
Fibre volume (%) Saturation water absorption𝑀
𝑠
(%) Slope (𝑘) Diffusion coefficient,𝐷, ×10−6 (mm2/s)
40 (6-layer flax)
Tensile specimen 6.23 6 × 10−5 1.63
Flexural specimen 6.56 6 × 10−5 1.47
55 (8-layer flax)
Tensile specimen 8.71 1 × 10−4 2.32
Flexural specimen 9.76 1 × 10−4 1.85
the measurements of weight gain and the initial slope of the
weight gain curves versus square root of time, as follows:
𝐷 = 𝜋(
𝑘ℎ
4𝑀
∞
)
2
, (4)
where ℎ is the thickness of the specimens, 𝑀
∞
is the
maximum weight gain, and 𝑘 is slope of the initial plot𝑀(𝑡)
versus√𝑡.
2.4. Mechanical Tests
2.4.1. Tensile Test. To evaluate the tensile properties of the dry
composite samples and of the samples with water absorption,
tensile tests were conducted according to UNE-EN ISO 527-
4:1997 [25]. An Instron 5960 universal testingmachine with a
load cell of 30 kNwas usedwith a crosshead speed 2mm/min.
Ten rectangular specimens of each fibre content were cut
from the manufactured composite laminates. Five specimens
(250mm × 25mm × 3mm) were tested for each case, dry
or wet samples. Stress-strain curves were obtained and the
average values for tensile strength, tensile strain at tensile
strength, and tensile modulus were reported as a result.
2.4.2. Flexural Test. Flexural tests were conducted according
to UNE-EN ISO 14125:1999 [26] to determine the flexural
properties of the flax composites with and without water
absorption. Universal testing machine (Instron 5960, 30 kN
load cell) was used to carry out three-point bending tests,
with a span of 60mm between supports and a crosshead
speed applied of 2mm/min. Ten rectangular specimens of
each fibre content were cut from themanufactured composite
laminates. Five specimens (90mm × 15mm × 3mm) were
tested for each case, dry or wet samples; the average values
for flexural strength, strain, and modulus were reported as a
result.
2.4.3. Morphological Analysis: SEM. The tensile fracture
surfaces of dry and water immersed composite specimens
were observed with (SEM) JEOL-JSM 6300, 20 kV scanning
electron microscope. To make the samples conductive, it is
necessary to vacuum-coat them with a thin film of gold.
3. Results and Discussion
3.1. Water Absorption Behavior. The water absorption of the
composite samples was calculated with (1). The weight gain
(%) as a function of square root of time for the tensile and
flexural specimens after water immersion at room tempera-
ture and different content of fibre is shown in Figure 3.
For the samples with 6 layers of flax (0.40 fibre volume
fraction) after 768 h of water immersion, the maximum per-
centage weight gain is 6.23% for tensile samples, and 6.56%
for flexural samples. This slight difference for the same fibre
volume fraction can be explained due to the variability of the
natural constituents of the fibre. Plant fibre reinforcements
can exhibit significant inconsistency in their properties.
Chemical composition, dimensions, and surface density of
the fibre can be affected due to the conditions of the growing
[27, 28].
In the sameway,maximumpercentageweight gain for the
specimens with 8 layers of flax (0.55 fibre volume fraction)
immersed for 768 h is 8.71% for tensile samples, and 9.76%
for flexural samples.
As can be seen, for all the samples, the process of water
absorption is at the beginning linear. After it slows and finally
after extended immersion time, the samples approaches to the
saturation stage.Therefore, for all the samples, its behavior of
water absorption can be modeled as diffusion process type
Fickian.
As the fibre volume fraction increases, for all samples, the
initial rate of the process and the maximumwater absorption
increases. This phenomenon can be explained [29] by the
hydrophilic nature of vegetable fibres, as flax fibres, due to
the fact that they are cellulose fibres. If the vegetal fibres are
exposed to a process of water absorption, the fibre swells.
Besides, as a result of the swelling, microcracks can appear in
a brittle matrix as epoxy resin and, in turn, can lead to largest
transport of water through the fiber matrix interface.
Table 3 shows saturation water absorption values and
the diffusion coefficients calculated for water immersed
specimens at room temperature (23∘C).The results show that
the diffusion coefficient and maximum water content values
increase as the fibre content increases. Samples with a higher
fibre content have a greater diffusion coefficient, due to the
fact that absorption of water is higher, as a result of a higher
content of cellulose. The formation of microcracks at the
interface region, induced by fibre swelling, can increase the
diffusion transport of water via them. Furthermore a capillar-
ity mechanism becomes active; watermolecules flow through
the interface of fibre and matrix, leading to a greater diffu-
sivity [30]. The difference of diffusion coefficient values for
the same fibre volume fraction composites can be explained
again, due to the scattering of natural constituents of the fibre,
and it can be assumed.
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Figure 3: Curves of water absorption for the different flax composite
samples.
3.2. Effect of Water Absorption on the Mechanical Properties
3.2.1. Tensile Properties. Figures 4 and 5 show the results of
the tensile strength and strain versus fibre volume, respec-
tively, for the samples without (dry) and with water absorp-
tion (768 h water immersed). For the dry samples, their
tensile strength increases with the increase of fibre content.
This enhancement in flax reinforced composite strength is
the result of higher loads supported by the fibres, due to
the higher load transfer from the matrix to them. As it can
be seen, the water immersed samples have a higher tensile
strength compared to tensile strength of the dry samples. It
may be attributed to the swelling of the fibres as a result of
the water absorption in high quantities.The gaps between the
fibre and the matrix that can appear during manufacturing
process due to a poor impregnation or the shrinkage of the
resin cure could be filled up and therefore can eventually lead
to an improvement of themechanical properties, in this study,
an increase of the tensile strength.
This effect was reported by Karmaker et al. [31]; it was
studied if the fibre swelling by the water absorption could fill
up the gaps between jute fibers and polypropylene matrix, as
a result of the thermal shrinkage of the matrix melt. To fill up
these gaps, can result, during the fracture stage, in a higher
shear strength between the fibers and matrix. Dhakal et al.
[13] found that the ultimate tensile stress of hemp reinforced
unsaturated polyester compositeswith a fibre volume fraction
of 0.26 (5-layer nonwoven hemp fibre) after a period of water
immersionwas higher compared to the same sampleswithout
water absorption. It was also attributed to the filling up of the
gaps between fibre and the matrix, as a result of the swelling
of the fibre.
The microcracks that can appear in a brittle matrix (as
an epoxy resin) due to the fibre swelling can lead to a weak
bonding between the fibres and the matrix and in turn can
lead to composite failure. However in this study, this effect
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Figure 4: Tensile strength versus fibre volume.
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Figure 5: Tensile strain versus fibre volume.
seems to have less influence. The resin used as matrix is an
epoxy resinmodifiedwith the addition of epoxidized pine oil.
Epoxidized vegetables oils (EVO) can form elastomeric net-
works [32] as a result of its polymerization with the suitable
curing agent. EVO can be added into conventional synthetic
epoxy resin to be used as natural plasticizer or toughening
additive [33–35] to reduce its rigid and brittle behavior.
After immersion in water, Figure 4 shows that the tensile
strength of the samples reinforced with 6 flax layers increases
10%, and the same behavior is observed for the samples with
8 layers, where the tensile strength increases 35%.
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Figure 6: SEM tensile fracture images of dry composite samples with fibre content (a) 40wt%, (b) 55wt%.
As can be seen in Figure 5, for all the samples with water
absorption, the tensile strain values increase compared to the
values of the dry samples. For 40wt% flax reinforced samples,
the strain increases 51% and 27% for 55wt% flax samples. It
can be due to the water absorption causing the plasticization
of flax composite samples. As it was reported for similar
composites [36, 37], the water absorbed by the composite
causes mainly the swelling of natural reinforcement, but also
the plasticization of both the resin and the natural fibres.
Dhakal et al. [13] have reported similar results for hemp
fibre reinforced unsaturated polyester composites, where it
was found that the failure tensile strain values for samples
with different fibre volume fractions increase after water
absorption process, compared to the values obtained before
the immersion in water.
The effect of water absorption on mechanical properties
of the composite can be understood if its effect on their con-
stituents, the matrix, the fibre, and the fibre-matrix interface
region is studied.The SEMmicrographs of the tensile fracture
surface of composite specimens support these results.
3.2.2. SEM Micrograph of Tensile Fracture Surface. Figures
6(a) and 6(b) show the SEM images of the tensile fracture
surface of flax reinforced epoxy composites without water
absorption (dry samples) with fibre contents of 40 and
55wt%, respectively. Fibre breakage, matrix fracture, fibre
debonding, and fibre pull-outs can be observed after tensile
test for both composites. It is clearly seen in the images, the
fibre content on the fracture surface. The composite with
lower fibre content (40wt%) shows an increase inmatrix rich
regions compared to the composite with higher fiber content
(55wt%). Lower fibre content will lead to low mechanical
properties, due to the fact that there are less fibres that can
support the transferred load from the matrix.
For all water immersed samples in Figure 4, tensile
strength increased compared to the dry specimens. Water
caused the swelling of the fibres, and it was attributed to
the filling up of the gaps between the fibre and the matrix.
This effect could lead specifically to an increase in the
mechanical properties of the composite. Gaps formed during
the manufacturing process due to a poor impregnation of
the reinforcement or to thermal shrinkage of the resin cure.
With the swelling of the fibre, the empty space fibre-resin
can disappear, and the fibres exert pressure on the matrix,
which results in a perfect adhesion.The SEM image in Figures
7(a) and 7(b) showsmatrix region for 40wt% fibre reinforced
sample in dry conditions and for 40wt% water immersed
sample, respectively. This SEM image shows an enhanced or
stronger bonding between the fibers and the matrix in wet
conditions compared to the other sample in dry conditions,
which results in a more efficient transfer of stress along the
fibre-matrix interface before composite failure. Therefore in
this case, it results in an increase of the composite strength
after water immersion. Similar effect was also observed in dry
and water immersed samples with 55wt% fibre content.
In addition, the fracture surface of dry samples after ten-
sile test showed flax fibre breakage in a more brittle manner,
compared to fracture surface of water immersed samples, as
it can be observed in Figures 8(a) and 8(b) for 40wt% fiber
content composite sample. In wet conditions, it is seen that
fibre surface is rougher and some split into thinners fibrils
occurs, caused by water absorption. The plasticization of flax
composite samples caused by water absorption was found to
increase the tensile strain values of all samples after water
immersion compared to dry samples. The matrix rich zones
seem to show the same behavior before and after the water
absorption, and besides, they are not perceptiblemicrocranks
in the matrix around the fibre, in the case of the water
immersed samples, maybe due to the higher flexibility of the
epoxy resin used. Similar fracture surface was also observed
in dry and water immersed samples with 55wt% fibre
content. Note that wet samples probably lost part of the water
uptake during the sample preparation for SEM.
3.2.3. Flexural Properties. Figures 9 and 10 show the results
of the flexural strength and strain versus fibre volume,
respectively, for the samples without (dry) and with water
absorption (768 h water immersed).
For the dry samples flexural strength increased as fibre
content increases. This enhancement of the composites flex-
ural strength is due to the increase of transferred load to
the fibres, because of the higher adhesion at interface zone
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Figure 7: SEM images of fibre-matrix adhesion of 40wt% fibre content samples (a) in dry conditions and (b) after water immersion.
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Figure 8: SEM images of fracture surface and fibre breakage: (a) dry composite sample, (b) water immersed composite sample.
(fibre-matrix) region, and due to the property of cellulose
fibres as flax fibre to support bending loads [38].
The flexural failure mode for both dry and water
immersed samples occurs in the sameway.The specimen fails
suddenly in a linear mode at the bottom surface of the speci-
men. As a result of the fact that there is no interlaminar failure
at the thickness of the specimen, shear failure mode does
not occur.
As the fibre volume fraction increases (Figure 9), flexural
strength forwater immersed samples decreases.This decrease
can be attributed to the increase in the percentage of water
absorption that can lead to the formation of higher number of
microcracks as a result of fibre swelling which in turn weaken
fibre-matrix interface region when bending loads are applied.
In this study, to observe that the 6 flax layers’ samples
(40wt% fiber content) have a higher flexural strength after
water immersion, compared to dry samples, an increase of
25.5% was found. It could be due to swelling of the fibres,
previously mentioned, that can fill up the gaps between fibre
and matrix, increasing the bonding between them, which
results in an increase of mechanical properties. However for
55wt% specimens (8-layer flax), flexural strength of the water
immersed samples decreases by 20% compared to dry sam-
ples.
An increase of water absorption quantity (Figure 3) as
occurs in the 55wt% fibre flexural specimens compared to
40wt% fibre specimens decreases their flexural strength. It
may be caused by the weak interfacial adhesion between fibre
and matrix [15], as a result of the appearance of hydrogen
chemical bonds between the cellulose fibre (flax fibres) and
the water molecules [37].
Flexural strain of the samples with water absorption, as
can be seen in Figure 10, increased compared to dry samples.
After water immersion, once the loss of cellulose has taken
place [39] natural fibre reinforced composites approach to be
ductile.Themolecules ofwater behave as plasticizer elements,
leading to an increase of the maximum strain of the compos-
ite after water absorption [40].
3.2.4. Effect of Water Absorption on Tensile and Flexural
Modulus. Table 4 lists the obtained values of tensile and
flexural modulus of the samples without (dry) and with water
absorption (wet, 768 h water immersed) after tensile and
flexural tests. A change was found in the values of modulus
as a result of the water absorption. Tensilemodulus decreased
for all samples after water immersion compared to dry spec-
imens. Tensile modulus decreases 28% and 21% for 0.4 and
0.55 fiber volume fraction samples, respectively.
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Table 4: Tensile and flexural modulus values of flax composite.
Composite specimens Fibre volume (wt%) Tensile modulus (GPa) Flexural modulus (GPa)
Dry Wet Dry Wet
6-layer flax 40 7.24 5.16 7.77 8.67
8-layer flax 55 7.67 6.06 6.96 4.82
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Figure 9: Flexural strength versus fibre volume.
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Figure 10: Flexural strain versus fibre volume.
Tensile modulus as being dependent on the fibre property
in a composite material can be affected as a result of water
absorption, whereas the tensile strength of the composite is
more sensitive to fibre-matrix interface region properties.
Water absorption does not affect in negative way the
flexural modulus. The effect of water absorption is different
depending on the fibre volume fraction. Flexural modulus of
40wt% fibre content wet specimens increases 11% compared
to dry samples. However, flexural modulus decreases in spec-
imens with higher fibre content, hence higher water content.
The flexural modulus of 55wt% fibre wet samples decreases
by 30% compared to dry samples. It is possible to assume the
effect of the water absorption on the fibre and its effect on the
modulus to be less critical for flexural failure than in tensile
failure mode.
4. Conclusions
This study showed that RTM process could be used to
produce high performance natural fibre composites with flax
fibre fabric and bioepoxy matrix. This process is an environ-
mental friendly alternative to the use of petroleum-based syn-
thetic fibers and resins. The effect of water absorption on the
mechanical properties of flax reinforced bioepoxy composites
has been studied by the immersion of the samples in water at
room temperature. It shows that water absorption increases
with an increase in fibre weight fraction due to a higher cellu-
lose content. At room temperature, it was found that compos-
ites follow water absorption Fickian behavior. The diffusion
coefficient values obtained in the order of 10−6mm2/s are
in agreement with the range of values reported, for other
natural fibre reinforced composites. It can be concluded that
the results suggest that swelling of flax fibers in the composite
material as a result of water absorption can have positive
effects on mechanical properties. Tensile strength of all water
immersed studied specimens is higher compared to the dry
samples due to a stronger interfacial bonding between the
fiber and the matrix. Flexural properties decrease as water
absorption content increases. Tensile modulus was found to
decrease with water absorption as a sensitive property of
the fibre. Flexural modulus decreases in higher fibre content
specimens after water absorption. This flax fibre composites
show their potential use in outdoor applications due to the
exposure to water absorption not affecting negatively their
mechanical properties.
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